The vertebral column is the paradigm of the metameric architecture of the vertebrate body. Because the number of somites is a convenient parameter to stage early human embryos, we explored whether the closure of the vertebral canal could be used similarly for staging embryos between 7 and 10 weeks of development. Human embryos (5-10 weeks of development) were visualized using AMIRA 3D â reconstruction and CINEMA 4D â remodelling software. Vertebral bodies were identifiable as loose mesenchymal structures between the dense mesenchymal intervertebral discs up to 6 weeks and then differentiated into cartilaginous structures in the 7th week. In this week, the dense mesenchymal neural processes also differentiated into cartilaginous structures. Transverse processes became identifiable at 6 weeks. The growth rate of all vertebral bodies was exponential and similar between 6 and 10 weeks, whereas the intervertebral discs hardly increased in size between 6 and 8 weeks and then followed vertebral growth between 8 and 10 weeks. The neural processes extended dorsolaterally (6th week), dorsally (7th week) and finally dorsomedially (8th and 9th weeks) to fuse at the midthoracic level at 9 weeks. From there, fusion extended cranially and caudally in the 10th week. Closure of the foramen magnum required the development of the supraoccipital bone as a craniomedial extension of the exoccipitals (neural processes of occipital vertebra 4), whereas a growth burst of sacral vertebra 1 delayed closure until 15 weeks. Both the cranial-and caudal-most vertebral bodies fused to form the basioccipital (occipital vertebrae 1-4) and sacrum (sacral vertebrae 1-5). In the sacrum, fusion of its so-called alar processes preceded that of the bodies by at least 6 weeks. In conclusion, the highly ordered and substantial changes in shape of the vertebral bodies leading to the formation of the vertebral canal make the development of the spine an excellent, continuous staging system for the (human) embryo between 6 and 10 weeks of development.
Introduction
The vertebral column is the paradigm of the metameric architecture of the vertebrate body. According to standard accounts, the human vertebral column comprises 7 cervical, 12 thoracic, 5 lumbar, 5 sacral and 4 coccygeal vertebrae; its 4 occipital vertebrae are only mentioned in more specialized texts. The number of vertebrae in land vertebrates (tetrapods) is highly variable, but the total number of cervical, thoracolumbar and sacral vertebrae in mammalian species is, at 29-31, fairly constant (Narita & Kuratani, 2005) . Both mammals (Sporle & Schughart, 1997; M€ uller & O'Rahilly, 2003) and birds (Huang et al. 2000) appear to have four occipital vertebrae, with cells from the 5th somite reportedly forming the occipitocervical junction. The number of cervical vertebrae is, at seven, also very constant in mammals, with manatees (n = 6) and sloths (n = 8) as exceptions (Galis, 1999) . In contrast, the number of cervical vertebrae in birds is highly variable (Burke et al. 1995) . The total number of trunk (thoracolumbar) vertebrae is also relatively stable up to the taxonomic family or order level [typically 19, with 20 in carnivores and 17 in hominoid primates (Narita & Kuratani, 2005) ]. However, the subdivision of thoracolumbar vertebrae into thoracic and lumbar vertebrae does vary in mammals, but the number of sacral and especially caudal vertebrae is more variable (Narita & Kuratani, 2005) . Apparently, the (Hox) signalling pathways that govern the identity of the morphologically different groups of vertebrae in the mammalian vertebral column are distinct, best regulated in the cranial portion of the body, and very well conserved among mammals. This conclusion concurs with the apparently severe selection against cranial homeotic mutations in mammals (Galis et al. 2006; Furtado et al. 2011) .
The vertebral column and ribs derive from the somites. In human embryos, the somites first appear at Carnegie Stage (CS) 9 and increase in total number until CS14 (M€ uller & O'Rahilly, 2003) . In total, 38 or 39 pairs of somites develop (M€ uller & O'Rahilly, 1986) , of which four contribute to the occipital bone, and 34-35 to the standard vertebral column and ribs. The development of somites into sclerotomes, and sclerotomes into vertebral bodies, intervertebral discs, neural processes and ribs has been the subject of many reviews (Wyburn, 1944; Sensenig, 1949; O'Rahilly & Meyer, 1979; O'Rahilly et al. 1980; Scaal, 2016) . The sclerotomes emerge via epithelialmesenchymal transformation from the epithelial somites (Christ et al. 2004; Kalcheim, 2016) , but the mechanism underlying this mesenchymal transformation remains to be defined. After de-epithelialization, the sclerotomal mesenchyme expands ventromedially to surround the notochord before differentiating into the cited structures (M€ uller & O'Rahilly, 2003; Monsoro-Burq, 2005) .
Experimental studies often use the total number of somites present as a parameter for development (Hamburger & Hamilton, 1951; M€ uller & O'Rahilly, 1986) , but this criterion is not often used for a refinement of staging of human embryos in the 5th week (O'Rahilly & M€ uller, 2003) . Later stages of vertebral development, such as the development of the rib cage between 5 and 8 weeks (Mekonen et al. 2015) , and the neural processes between 5 and 10 weeks, are used even less frequently. With 3D reconstruction of embryos being increasingly practicable, however, the number of somites and the developmental stage of the rib cage will probably serve more often to stage early human embryos. In this study, we focused on the establishment of the vertebral canal and show that the process of closure of the neural arches is an accurate parameter for development between 7 and 10 weeks of intrauterine life. We think that the availability of a quantitative parameter for development during this period is important because the available descriptive staging criteria are minimal (CS20-C23; O' Rahilly & M€ uller, 1987) or, apart from crown-rump length, absent (9th and 10th weeks). We show that the closure of the neural arches starts in the midthoracic vertebrae and proceeds from there to cranial and caudal vertebrae. However, the fusion of the arches of the sacrum stalls temporarily, and the processes of the occiput and lower sacrum never fuse.
Materials and methods

Embryos
This study was undertaken in accordance with the Dutch regulations for the proper use of human tissue for medical research. We included anonymous specimens from the historical collections of embryos and fetuses of the Departments of Anatomy & Embryology, Leiden University Medical Centre, Leiden, the Academic Medical Centre, Amsterdam, The Netherlands, and the Carnegie Collection, Washington, DC, USA [obtained via the Digitally Reproduced Embryonic Morphology (DREM) project]. These embryos were donated for scientific research. The current investigation studied human embryos between 5 (CS15) and 10 weeks of development. The developmental stages of all embryos in the embryonic period proper were expressed in CS (O'Rahilly & M€ uller, 2010) . The return of the physiological hernia between 9 and 9.5 weeks of development (Cyr et al. 1986 ) and greatest length (Papageorghiou et al. 2014 ) were used to estimate the age of the embryos after 8 weeks (CS23) of development.
3D reconstructions
Histological slides of embryos were scanned and digitized with an Olympus BX51 microscope and the Dotslide program (Olympus, Zoeterwoude, The Netherlands). This program allows fully automated, high-resolution scanning of all sections on a glass slide. After conversion to JPEG images, the sections were aligned, segmented and analyzed using AMIRA 3D (version 5.5; base package; FEI Visualization Sciences Group Europe, Merignac Cedex, France). The serial sections were first aligned automatically with the least-squares method and then manually adjusted to acquire an anatomically correct curvature of the embryo with the help of magnetic resonance imaging (MRI) and ultrasound images of agematched, live human embryos (Pooh et al. 2011) . The vertebrae were delineated manually in AMIRA using a Wacom Intuos 5L tablet (487 9 318 9 12 mm).
Visualization
Three-dimensional images generated with the AMIRA 3D software still show distracting section contours and require smoothing to improve visualization of the respective structures. This was achieved by importing the data into CINEMA 4D (Maxon Computer GmbH, Friedrichsdorf, Germany). The 'mesh' function of CINEMA was used to create polygons that fitted the original AMIRA vertebral models. Once a vertebral model was created, further smoothing was achieved with the 'phong' and 'mesh' functions. The accuracy of the remodelling process was checked by simultaneous visualization in CINEMA 4D of the original output from AMIRA and the remodelled CINEMA model (Supporting Information Fig. S1 ). Furthermore, CINEMA 4D enabled the export of modelled structures via 'wrl export' into an ADOBE portable device format (PDF) reader version 9 (http:// www.adobe.com), which allows the generation of three-dimensional interactive PDF files (Supporting Information Fig. S2 ).
Measurements
The 3D distances between the tips of the neural processes were measured in AMIRA on dorsal views of the vertebrae, and the vertebral volumes were computed with the 'material statistics' tool of AMIRA. The angles between the midsagittal plane (drawn through the notochord and the floor and roof plates of the neural tube) and the line through the notochord and the tip of the neural processes were measured manually with a protractor. For this measurement, the vertebrae were viewed in a plane perpendicular to the longitudinal axis of the vertebral column. The findings were exported to Microsoft EXCEL 2010 (Microsoft Cooperation, Redmond, WA, USA).
Results
In the human embryo, the first pair of somites develops at CS9 (~26 days) (M€ uller & O'Rahilly, 2003) , and the maximal number of somites (38-39 pairs) is present at CS14 (O'Rahilly & M€ uller, 2003) . Sclerotome differentiation begins wheñ 10 somites have developed (CS10;~3 weeks; MonsoroBurq, 2005; O'Rahilly & M€ uller, 1987) , whereas dermomyotome differentiation is first seen after > 20 somites have formed (Furst et al. 1989; Sacks et al. 2003) . Until CS17, the vertebral bodies consisted of loose mesenchyme, while the intervertebral discs were made up of dense mesenchyme that was continuous with the neural processes (Figs 1 and  2) . From CS18 onwards, both the loose mesenchyme of the vertebral bodies and the dense mesenchyme of the neural processes differentiated into phenotypically identical cartilage (Figs 3-6 ). In the developmental stages we studied, the vertebral column had a marked ventral curvature, also known as the 'primary' curvature of the embryo (Taylor, 1975; Yamada et al. 2010 ). The curvature was most pronounced at CS15 (Fig. 1A) , and then straightened in its cervical and thoracic parts at CS16 (Fig. 1D ) and in its lumbar part at CS17 (Fig. 2A) . The sacrum retained its ventral curvature, but the development of the promontory as the junction between lumbar and sacral bodies became detectable between CS20 and CS23 (Figs 3 and 4) .
Growth of the vertebral bodies
In the CS15 embryo, the ventromedial half of the somites had differentiated into loose 'centra' (or future vertebral bodies) and dense zones (future intervertebral discs; Fig. 1 ; O'Rahilly & Meyer, 1979; Verbout, 1985; Scaal, 2016) . The vertebral bodies of the occipital sclerotomes fused at CS14 (O'Rahilly & M€ uller, 1984) . Caudally, the sacral and coccygeal vertebral bodies remained separate entities until 8 weeks (Figs 1-4) , gradually approximating each other thereafter (Figs 5 and 6), but had not yet fused at 15 weeks (Fig. 7) . However, the 'alar' elements of the sacral vertebral bodies already fused in the 9th week (Figs 5 and 6) .
Whereas the total volume of the vertebral bodies increased~threefold each week between 6 and 10 weeks, that of the intervertebral discs hardly increased between 6 and 8 weeks, but then grew at a similar rate as the vertebral bodies between 8 and 10 weeks (Fig. 8A) . Figure 8B shows that all vertebrae grew at approximately the same rate (that is, with a weekly~threefold increase in volume), and that the cervical and thoracic vertebrae were similar in size, whereas the lumbar were~threefold, the sacral~five-fold, and the coccygeal vertebrae~15-fold smaller. The initially very small coccygeal vertebrae may have grown faster between 6.5 and 10 weeks. Finally, Fig. 8C shows that the ribs increased~twofold each week in length between 5 and 9 weeks.
Formation of the neural processes
Between CS14 and CS18 (4-7 weeks of development), the neural processes of the thoracic vertebrae were found ventrolateral to the neural tube (Figs 1 and 2 ), but began to expand dorsomedially in the 8th week (Fig. 4) to complete closure of the vertebral arches in the 9th week (Fig. 5) . Plotting the distance between the tips of the corresponding left and right neural processes as a function of the segment number ( Fig. 9A) showed that the distances were largest in the cranial portion of the vertebral column and gradually decreased in the caudal direction. The 'intertip' distance hardly changed during CS15-17, but almost doubled at CS18. At CS20, the intertip distance at the cranial and caudal ends of the vertebral column were unchanged, but had decreased at the intermediate levels. This trend became more pronounced at CS23, when the smallest intertip distance was found in the midthoracic region. At 9 weeks, the vertebral processes of T4-T7 touched each other, and the tips of processes of the adjacent vertebrae approached each other closely. At 10 weeks, the closure of the vertebral canal had extended both cranially (to C7) and caudally (to L1). Concomitant with the thoracic closure of the canal, intertip distances in the cervical and lumbar regions decreased. Most cranially, that is, between the neural processes of the occipital bone, the intertip distance remained unchanged between CS18 (6.5 weeks) and 9 weeks, but had declined to 50% at 10 weeks. Caudally, that is, in the sacral and coccygeal region, changes were similarly minimal between CS18 and 9 weeks. Comparison of the intertip distances at 8 and 9 weeks showed ( Fig. 9A ) that the boundary line between the trend to close the vertebral canal and an unchanged intertip distance was located sharply at S1. During the 10th week, the intertip distance of S1 even increased~1.7-fold. Closure of the vertebral canal of the S1 did not occur until 15 weeks of development (Fig. 7) . The two terminal regions of the forming vertebral canal, the occipitocervical and lumbosacral regions, therefore, stood out because the closure of the neural arches was much slower than in the thoracic region. The centra (bodies) of occipital segments 1-4 had already fused at CS15 (Fig. 1 ) to form the so-called basioccipital portion of the occipital bone. Only occipital segment 4 resembled a typical vertebra with neural processes (O'Rahilly & M€ uller, 2003) . Even though the distance between the tips of the neural processes decreased by 50% in the 10th week ( Fig. 9A ), they did not fuse to form the foramen magnum. At CS20 (7 weeks), however, a~50% thinner layer of cartilage started to form from the tips of the occipital neural processes towards the vertex of the skull (Fig. 3) . At CS23 (8 weeks), these dorsomedial extensions met and fused in the midline, with its inferior boundary forming the dorsocranial boundary of the foramen magnum (Fig. 4) . At 10 weeks, this structure stood out from the more caudal neural arches in that it had already initiated ossification (Fig. 6 ). This part of the occipital bone is known as its supraoccipital portion, and the neural process portion is called the exoccipital. The epaxial muscles attached to the exoccipital only (Fig. 4E ). While none of the cervical neural arches had formed at 9 weeks (Fig. 5) , the dorsal arch of the atlas (C1) had closed at 10 weeks (Figs 6 and 9), whereas the neural processes of C2-6 were approaching or touching but had not yet fused (Fig. 6) . At the microscopic level, the tissue between both neural arches of C1 (Fig. 6D ) had a different histological structure compared with the fibrous ligamental structures between the more caudal neural processes of the cervical spine (e.g. C2 in Fig. 6E ).
The other region that stood out was the lumbosacral region. Like the occipitocervical region, the lumbosacral region initially followed the growth pattern of the thoracic region [up to CS20 (~7 weeks)]. In the next week, the intertip distance of the sacral vertebrae increased and then started to decrease in the 9th week, but only for S2-S5. The intertip distance of S1, instead, had increased by 30-35% at 10 weeks. In fact, our studies on 13-and 15-week-old fetuses showed that closure of this portion of the vertebral canal only occurred around 15 weeks (Fig. 7) .
Changes in the distance between the tips of corresponding neural processes can develop due to proportional growth of the vertebra or regional growth differences within the vertebra, resulting in a change in shape. For that reason, we also measured the angle between the line through the tips of the neural processes and the notochord on the one hand and the midline through the notochord and the neural tube on the other (Fig. 9B ). As expected, this angle was widest in the early embryos and gradually decreased with increasing age. Furthermore, the line connecting the angles showed more variation at CS15 than later, probably because the neural processes were still short and their boundaries formed by gradients in cells density. However, the clear overall trend was that the angles gradually became smaller with development to reach zero at closure of the arches. Furthermore, the curves were U-shaped, that is, widest at both ends of the vertebral canal, in agreement with the most advanced stages of closure being located in the thoracic region. These gradual changes support proportional growth of the vertebrae and an age-dependent approximation of the tips of the neural processes. However, the sacral region stood out. The very wide angles at CS18 and CS20 reflect the later development and still short neural processes of the sacrum at these stages and the decline in the angles during the 8th and 9th week approximation of the sacral neural process tips (Fig. 9B) . In contrast, the angle through the tips of S1 increased~threefold in the 10th week (Fig. 9B ),
suggesting that growth was not uniform and that the position of the neural processes had changed.
Formation of ribs and costal processes
Ribs were already identifiable as mesenchymal condensations in the thoracic region of CS15 embryos (Fig. 2 in Mekonen et al. 2015) . At this time, all ribs pointed ventrolaterally and were of approximately the same length. Their contours became more easily identifiable at CS17 due to a further increase in tissue density (Fig. 3 in Mekonen et al. 2015) . The ribs had increased in length, with all ribs still showing similar lengths, but their anterior extremities were now pointing ventrally. At CS18, the costal mesenchyme differentiated into a cartilaginous phenotype, with ribs 5-7 being clearly larger than their more cranial and caudal counterparts (Fig. 4 in Mekonen et al. 2015) . At CS20, the ribs extended ventromedially and started to form a connection with the sternum in a craniocaudal sequence. Furthermore, ribs 8-10 began to extend in a more cranial direction (Fig. 5 in Mekonen et al. 2015) . The near-definitive configuration of ribs was present at CS23 (Fig. 6 in Mekonen et al. 2015) . These changes in rib configuration correlated with an exponential increase in their length (growth rate of rib 7:~2.2-fold per week; Fig. 8C) . The costal processes of the cervical, lumbar and sacral vertebrae, also known as the posterior tubercles, were well developed in the cervical region but difficult to distinguish from the transverse processes (anterior tubercles) in the lumbar region. In the sacrum, the costal and transverse processes were virtually indistinguishable and, together, called the alar processes (the portion of the sacrum lateral to the sacral foramina). The alar processes merged to form a single structure in the 9th week (Fig. 5) .
Formation of the transverse processes
The transverse processes were first seen to develop on the neural processes of vertebrae in CS18 embryos (Fig. 2) . At this stage, the transverse processes were best developed in the lower cervical and thoracic vertebrae, but also identifiable as small lateral protrusions from the neural processes in upper cervical and lumbar vertebrae. Cervically, the vertebral arteries occupied the groove between the transverse processes dorsally and the costal processes ventrally. The two processes fused to form the transverse foramen at CS23. In the thoracic region, the transverse processes were larger, whereas the base of the transverse processes in the lumbar vertebrae was shorter and thicker ( Fig. 3-6) .
Components of the occipitocervical junction
The development of the occipital bone is described in the section on the development of the neural processes. Atlas and axis developed as 'normal' vertebrae until CS20, when the body of C1 fused with that of C2 to form the axis. The plane of fusion was visible in sections as a dense mesenchymal plane (Fig. 10E) . The connective tissue enveloping the occipitocervical junction was thicker and denser than that enveloping more caudal intervertebral junctions (Fig. 10A-F) . On the ventral side, narrow bands of connective tissue covering the future intervertebral discs were 'hyperdense'. The cranial and best developed of these 'hypochordal bows' is between O4 and C1, but similar, albeit smaller, structures were found on the junctions of C1-C2 and C2-C3. Furthermore, an extensive mass of dense connective tissue was present on the dorsal side of the bodies of O4 and C1, with 'hyperdense' areas surrounding the notochord to form the future dens. The Fig. 7 Shape of characteristic vertebrae and their neural processes. C2, T5, L5 and the sacrum seen from dorsal at 7 (CS20), 8 (CS23), 9 and 10 weeks. Note that of these vertebrae, only the neural arch of T5 had fused at 10 weeks and that its spinous process pointed dorsocaudally. The lower row shows that the sacral vertebrae remained unfused until week 10, but that their alar processes had already fused at 9 weeks. At 15 weeks the neural processes of S1 and S2 had fused but the remaining neural processes had not (the 1st sacral vertebra in this specimen is obliquely cut away on its right side). Scale bars: mm.
dense connective tissue had extensions forward on the dorsal side of the basioccipital bone, laterally towards the occipitoatlantal junction, and caudally towards the axis. This connective tissue mass is clearly the precursor of the future cruciform ligament. However, these connective tissue masses were notably absent on the ventral side of the occipital bone, possibly because the longus capitis muscle is developing there (Mekonen et al. 2016) . At CS23, the hypochordal bow between O4 and C1 had become very prominent (Fig. 10G) , whereas the C1-C2 and C2-C3 specimens were no longer prominent. In the older CS23 specimens, the O4-C1 hypochordal bow had developed into the cartilage of the still rod-shaped anterior arch of the atlas (Fig. 4F) .
Discussion
We studied the normal development of derivatives of the sclerotomes in human embryos and fetuses, with an emphasis on the formation of the neural arches, and the costal and transverse processes. Our main findings were that all vertebral bodies grew exponentially between 6 and 10 weeks, whereas the intervertebral discs hardly increased in size between 6 and 8 weeks, but followed the growth rate of the vertebrae between 8 and 10 weeks. The shape of the vertebrae was rather similar until~8 weeks, when development of the neural, transverse and costal processes became most rapid and most extensive in the midthoracic region of the vertebral column. The closure of the vertebral canal progressed from midthoracic to both the more cranial and caudal portions of the body. In the most cranial (occipital bone) and most caudal portions of the vertebral column (distal sacrum) the neural processes did not complete the formation of the vertebral canal and the corresponding bodies fused. The sacrum was special in that the closure of the neural processes in its upper part was delayed by~5 weeks relative to L5.
The closure of the vertebral canal occurs in the time window for the first ultrasound examination of pregnancies to assess viability and development of the embryo. These scans can, therefore, potentially be used to diagnose delayed closure. Because these routine scans are made at low-power settings of the ultrasound machine to avoid the theoretical risk of thermal damage to early embryonic tissue, their spatial resolution is at present~1 mm, which does not allow an assessment of the approximation of the tips of the neural arches (cf. Fig. 9 ). However, higher power settings or improved deconvolution techniques may address this limitation.
Early and extensive sclerotome development in the midthoracic region
We observed that the development of sclerotomal derivatives was most advanced and most extensive in the midthoracic region, which resulted in closure of the vertebral canal at 9 weeks in segments 12-15 (T5-T8). Our findings concur with those of Bardeen, who reported that neural process fusion begins in the midthoracic region (Bardeen, 1910) . The findings differ, however, from those reported by Grzymistawska & Wozniak (2010) , who located initial fusion of the neural processes in the cervical, and upper and middle thoracic portions of the vertebral column, and the subsequent extension of the fusion to the lower thoracic and upper three lumbar vertebrae. Studies of somitogenesis in mouse embryos have shown that the size of the first 17-20 somites (up to T7-T10) at their formation gradually increases~1.5-fold, but that the increase in size of the next 10 somites is more pronounced, so that the somites in the sacral region are~2.5-fold larger in the midthoracic region (Tam, 1981) . Furthermore, the rate of developmental maturation of somitic derivatives accelerates in the caudal direction in both mice (Sporle & Schughart, 1997) and chicken (Berti et al. 2015; Maschner et al. 2016) , so that the time between first appearance and differentiation of somites is shorter in the thoracolumbar than in the occipital and cervical regions. Our present findings suggest that this faster rate of development persists at least temporarily in human embryos and results in the earliest (vertebral canal closure) and most extensive (ribs, transverse processes) sclerotome development in the midthoracic region. Furthermore, ossification in the vertebral bodies and their corresponding neural processes and ribs also starts in the midthoracic region and extends up-and downwards from there (Noback & Robertson, 1951; Meyer, 1978) . The extensive development of midthoracic sclerotomal derivatives appears a well-conserved feature in evolution, as skeletal elements, such as ribs, transverse processes and costal spines, which were also present in the cervical and lumbar regions of extinct pre-mammalian amniotes, were best developed in the midthoracic region and gradually declined in size from there in both cranial and caudal directions (e.g. Benton, 2005) . We, therefore, propose that both features represent an evolutionarily conserved process. The similarity between the closure of the vertebral canal and that of the neural tube is more apparent than real: primary neurulation proceeds mostly in a cranio-caudal direction, with several fusion sites in the future brain (Nakatsu et al. 2000) , whereas closure of the vertebral canal is bidirectional and incomplete at both ends. Both ends are further characterized by the fusion of the bodies of four to five segments into complex bones. (Fig. 8) . At CS18, the intertip distance increased substantially. Starting at CS20, the intertip distance began to decrease, in particular in segments 8-18 (T1-T11). The decline of the intertip distance accelerated in these segments, so that the neural processes of T3-T9 touched each other at 9 weeks of development. In the next weeks, the approach between both tips also occurred more cranially and more caudally. However, the sacral neural processes of S1 behaved differently, with the intertip distance increasing at 9 weeks, and especially at 10 weeks, of development. The processes of the more caudal sacral vertebrae followed the trend of the more cranial vertebrae, albeit slower. Also note that the neural processes of O4 stood out by not fusing (the foramen magnum is closed by the supraoccipital bone) and that of C1 by fusing early, probably by the C1 equivalent of the supraoccipital bone (Fig. 6) . The angles between the neural processes and the midline (B) gradually declined, implying gradual proportional change, except that of S1. Apparently, the body of S1 increased strongly in size between 8 and 10 weeks. Also note that the lines became gradually less noisy between 5 and 9 weeks. We ascribe this finding to the fact that the processes were initially small and, hence, the angles large and difficult to measure accurately. Symbols: CS15: red diamonds; CS16: brown squares; CS17: grey triangles; CS18: violet circles; CS20: blue diamonds; CS23: pink circles; 9 weeks: purple circles; 10 weeks: green squares.
Fate of the occipital somites
In the stages we studied, the individual occipital segments were no longer recognizable, but only the 4th occipital segment reportedly resembles the post-occipital vertebrae in that it has a body and neural processes (Sensenig, 1957; O'Rahilly & M€ uller, 1984; M€ uller & O'Rahilly, 2003) . In agreement with earlier studies (Lewis, 1920; O'Rahilly & M€ uller, 1984; David et al. 1998) , the caudal portion of the occipital bone behaved much like the cervical vertebrae up to the end of the 7th week (CS20). The foramen magnum formed in the 8th week (Fig. 4) , but the morphogenetic process underlying closure is thus far incompletely described, with some studies reporting closure at CS23 , as we do, and others still describing occipital 'spina bifida occulta' in 11-week fetuses (Macklin, 1921; David et al. 1998) . Reasons for the confusion appear to be that many descriptions are based on ossification centres, whereas the structural units often have more than one ossification centre; also, different names are used to indicate the same or nearly the same structure (e.g. Zawisch, 1957; Shapiro & Robinson, 1976 ). Although we prefer to use vertebral body and neural process as names for the relevant structural units, basioccipital and exoccipital are more commonly used. Most of the confusion arises in the description of the development of the occipital scale (squama). It consists of two developmentally distinct portions, viz. the supraoccipital and interparietal bones that usually fuse seamlessly. The interparietal ('Inca') bone develops as an isolated, neural crest-derived membranous bone (Jiang et al. 2002; Koyabu et al. 2012 ) between both parietal bones cranially and the supraoccipital bone caudally. The supraoccipital bone is a dorsomedial extension of the occipital neural processes (exoccipitals). At 7 weeks (CS20), we observed the bilateral appearance of a new, much thinner cartilaginous structure that extended from the tips of both neural processes towards the skull vertex, fused mutually to form the foramen magnum at 8 weeks (CS23) and started to ossify before the corresponding neural processes did in the 10th week (Fig. 6C) . We could delineate the bilateral origins of the supraoccipital from the neural processes (exoccipitals) because they were only half as thick. The relatively early ossification was noted earlier, but its was located either in the middle or at the dorsomedial rim of the neural processes (exoccipitals) (Macklin, 1921; Niida et al. 1992; Srivastava, 1992) , as we do. There is good reason to consider the supraoccipital, like the intraparietal portion of the occipital bone, as a developmentally independent and distinct identity. First, its developmental appearance (and that of the posterior tubercle of the atlas; Fig. 6D ) is regulated by a different gene-expression program than that of the basi-and exoccipitals (Brault et al. 2001; Hosokawa et al. 2007; Dai et al. 2009; Zhu & Bendall, 2009) . Additionally, the timing of its developmental appearance is independent of that of the remaining portions of the occipital bone (heterochrony) (Koyabu et al. 2014) . Sutures separate the basioccipital, exoccipitals, and supraoccipital in virtually all fetal skulls in the Vrolik Museum of the Academic Medical Centre in Amsterdam (Supporting Information Fig. S3 ). This finding further underscores our argument that the supraoccipital is a separate bone that is not found more caudally in the vertebral column and that closure of the foramen magnum differs from that of more caudal portions of the vertebral canal.
Formation of the occipitoatlantal junction
Resegmentation ('Neugliederung') of the sclerotomes to form vertebrae remains a contentious issue and plays an important role in models of the developing occipitoatlantal junction. It is well established that the dorsolateral portions of the somites remain recognizable as segments for a long period, whereas the ventromedial portions undergo epithelial-to-mesenchymal transformation relatively early and lose their visible identity (Verbout, 1976) . The staining patterns of somites in Uncx4.1-LacZ transgenic mice and DiI/DiOlabelled chicks indicate that the caudal portion of the sclerotome subsequently gives rise to the intervertebral disc (IVD) and the cranial portion of the vertebral body in the trunk (thoracic and lumbar) vertebrae (Takahashi et al. 2013; Ward et al. 2016) . However, in the cervical region, the phenotypically caudal portion of the sclerotomes increases at the expense of the corresponding cranial portion, so that it also contributes to the cranial end of the vertebral bodies (Takahashi et al. 2013 ). In the lumbosacral region, the ventral portion of the sclerotome shifts caudally relative to the vertebral processes and attached muscles (Ward et al. 2016) . The findings indicate that the 'pure' resegmentation model applies to the trunk region only. Because the bodies of the occipital somites form the nonsegmented basioccipital portion of the occipital bone, resegmentation of sclerotomes into vertebrae is usually reported to begin at the craniovertebral boundary. There is consensus that the bodies of the atlas (C1) and axis (C2) fuse in mammals and birds (see also Fig. 10E) , and the lack of registration between the sclerotomes and vertebral bodies would arise from the contribution of 2.5 segments to the dens of the axis (Reiter, 1944; Sensenig, 1957; Huang et al. 2000; M€ uller & O'Rahilly, 2003) . These 2.5 segments form components Z (body of axis), Y (body of atlas), and X ('proatlas'; dens of axis). Indeed, recent labelling experiments support the hypothesis that the axis is composed of segments 5, 6 and the cranial half of 7, but there is little evidence for a contribution of segment 5 to the occipital bone (Ward et al. 2016) to account for the presence of a pro-atlas or the presence of the suboccipital nerve (Reiter, 1944; Sporle & Schughart, 1997; M€ uller & O'Rahilly, 2003; Pang & Thompson, 2011) . Instead, we propose that component X, a mass of very dense connective tissue on top of components Y and Z that surrounds the notochord and lies at the centre of the developing cruciform ligament, represents a sesamoid bone in statu nascendi. A similar process can account for the development of the anterior arch of the atlas (segment 5) from the very dense ventral portion of the intervertebral ligament ('hypochordal bow'). In this respect, it is of interest that the much more caudally developing patella also becomes identifiable in this age group (Gardner & O'Rahilly, 1968) .
Fate of the caudal vertebral column
The sacrum was special in that closure of the neural processes of S1 was seen only in the 15-week specimen, that is, after a~5-week delay relative to the closure of L5. We did not observe closure in a 13-week fetus (not shown). This late timing agrees with that reported in the literature (Bardeen, 1905; O'Rahilly et al. 1990 ). Non-closure of the last sacral neural arch is well established and reaches almost 100% prevalence (Solomon et al. 2009; Lee et al. 2011) . Less well known is that an open S4 arch is seen in 40-70% of individuals, and an open S3 arch in 5-20%, an open S2 arch in~7%, an open S1 arch in~20%, and an open L5 arch in only < 1% (Fidas et al. 1987; Solomon et al. 2009; Lee et al. 2011) . These data clearly show that the nonclosure of the vertebral canal is more prevalent in the sacral than the lumbar vertebrae and becomes progressively more frequent caudally. Whether the relatively late normal closure of the sacral neural arches plays a role in the relatively frequent persistence of spina bifida occulta is not clear. Our data show that both the intertip distance and angle between the tip-notochord line and midline of S1 increase abruptly at 10 weeks, which suggests rapid but proportional growth of the S1 body. In support of our data, the sacral face of L5 was shown to increase rapidly between 11 and 16 weeks (Czyz & Kedzia, 2004) . continuous staging system for the (human) embryo between 6 and 10 weeks of development, that is, for a period when classical criteria are few and far between (O'Rahilly & M€ uller, 1987) . The developmental gradients from the midthoracic region towards cranial and caudal appear to reveal a developmentally conserved variation on the more standard craniocaudal developmental gradients in embryos.
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